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The aim of this study was to analyze whether systolic
blood pressure (SBP), heart rate (HR) and rate pressure
product (RPP) during exercise in childhood can predict
resting SBP levels in adolescence independent of
resting SBP and conventional cardiovascular risk fac-
tors. We studied this in a sample of Danish children
followed longitudinally for 6 years. The study comprised
226 children randomly sampled at age 9, who had their
blood pressure and HR measured during ergometer
exercise to exhaustion and was reassessed in adoles-
cence. SBP and RPP during exercise in stage two of the
test were positively associated with future resting SBP,
independent of resting SBP in childhood (P¼ 0.045 and
P¼ 0.013, respectively). After additional adjustment for
conventional cardiovascular risk factors the associa-
tions with SBP and RPP during stage two on future
resting SBP only slightly materially change, although
only RPP remained significant (P¼ 0.059 and P¼ 0.012,
respectively). No significant independent associations
were observed for HR during exercise, but associations
were in the same direction. Our results supports that
measuring SBP and RPP, during a standard acute
ergometer exercise test in children, improves the
prediction of future SBP levels during rest in adoles-
cence independent of resting SBP and conventional
cardiovascular risk factors.
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Introduction
Blood pressure (BP) varies acutely dependent on
physical exertion level, anxiety and external factors
such as noise. The measurement of BP during rest
can therefore be subjective to error and mask the
true resting BP. Growing evidence have revealed that
both BP monitoring during exercise and ambulatory
BP monitoring in adult populations may be predic-
tive of future hypertension, cardiovascular disease
development and mortality beyond that of resting
BP.1–7 Thus, as BP monitoring during exercise is
feasibly conducted in a clinic setting this might
represent additional value of risk prediction.
A recent review and meta-analysis of cohort
studies have demonstrated moderate BP tracking
between childhood and adulthood.8 Individuals
with high BP during childhood are therefore at
increased risk of developing hypertension later in
life, stressing the importance of early detection.
Three previous studies have reported an indepen-
dent predictive value of BP during stress tests, such
as video gaming, isometric handgrip exercise and
mental tasks on future resting BP in children.9–11
However, we are only aware of a single-longitudinal
study conducted in children, which examined BP
during acute exercise, such as a conventional
ergometer exercise.12 This study followed children
for an average of 3.4 years and only assessed the
predictive utility of exercise systolic blood pressure
(SBP) at maximal intensity exercise on future resting
BP and they did not take into account other
biological risk factors beyond resting BP at baseline.
In this study, we aim to investigate whether BP
during acute ergometer exercise in childhood can
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predict resting BP levels in adolescence indepen-
dent of resting BP and conventional cardiovascular
risk factors in a random sample of Danish children
followed longitudinally for 6 years in the European
Youth Heart Study. We expressed exercise SBP as
both SBP at sub-maximal intensity, maximal inten-
sity and as the individual slope of change in SBP
during exercise. Secondarily, we studied heart rate




This is a prospective observational study of children
in the Danish part of the European Youth Heart
Study. A random sample of 9-year-old children was
recruited and assessed in 1997–98 in the city of
Odense, which is the third largest city of Denmark,
situated on the island of Funen. The sampling
procedure have been described in detail else-
where.13 In 1997–98, 771 children were invited to
participate, of whom 589 (76.4%) agreed to take part
in the study. A 6-year follow-up was conducted in
2003–04 where participants were 15-years old, 384
of the 589 children were reexamined. Of these, 279
individuals had SBP measured during exercise.
Furthermore, 53 of these individuals did not have
baseline information on conventional risk factors
leaving 226 individuals with complete data. The
mean of follow-up was 6.0 years (s.d. 0.2 years).
Baseline and follow-up characteristics of the study
population are shown in Table 1.
Anthropometry and puberty
Height and weight were measured while the
participants were wearing light clothing, without
shoes, using standard anthropometric procedures.
Presence of overweight or obesity was defined
according to Cole et al.14 Sexual maturity was
assessed by the researchers according to Tanner15
using a 5-point scale of pictures. Assessment in girls
was performed according to breast development and
in boys according to pubic hair growth. The
distribution of maturity stage was within three
stages at the age of 9 years (Tanner 1–3). However,
as only one girl and no boys were assessed as Tanner
3, maturity was collapsed to a binary variable
(Tanner 1, Tanner 2–3).
Blood samples
Fasting blood samples (overnight) were taken in the
morning from the antecubital vein. Samples were
aliquoted and separated within 30min, and then
stored at 80 1C until they were transported to a
World Health Organization-certified laboratory in
Bristol, United Kingdom, for analysis. Samples were
analyzed for serum insulin, glucose, total cholesterol,
high-density lipoprotein cholesterol and triglyceride.
Total cholesterol was analyzed using the cholesterol
esterase/oxidase enzymatic method and triglyceride
was analyzed using the lipase/glycerol kinase/glycerol
phosphate oxidase enzymatic method. High-density
lipoprotein was analyzed using the homogeneous
polyanion/cholesterol esterase/oxidase enzymatic
method. Presence of high total cholesterol, high
triglyceride and low high-density lipoprotein were
on the basis of National Cholesterol Education
Program (American Academy of Pediatrics).16 Glu-
cose was analyzed using the hexokinase method.
Blood lipids and glucose were measured on an
Olympus AU600 autoanalyzer (Olympus Diagnosti-
ca, Hamburg, Germany). Insulin was analyzed using
an enzyme immunoassay (microtiter plate format;
Dako Diagnostics, Ely, UK).
BP during rest
Resting BP was measured with a Dinamap paediatric
and adult neonatal vital signs monitor (model XL,
Critikron Inc., Tampa, FL, USA) using an appro-
priate cuff size. Five measurements were taken at
2-min intervals with the mean of the final three
measurements used in all analyses. Before measure-
ments individuals rested for 5min, although seated.
The Dinamap monitor has been validated in
children against direct radial artery readings (mean
error 0.24mmHg SBP, 1.28mmHg DBP).17 Presence
of hypertension was defined according to National
High Blood Pressure Education Program Working
Group on children and adolescents.18
BP and HR during exercise and cardio-respiratory
fitness
Exercise SBP and HR were measured during a
graded maximal aerobic fitness test. Two test
protocols were used: (i) for children weighing less
than 30 kg initial and incremental workload were
20Watt, (ii) children weighing 30 kg or more work-
load were 25Watt. The workload was gradually
increased every 3min to exhaustion. SBP and HR
were taken at the end of each 3-min workload during
the test, using a Hawksley random-zero sphygmo-
mano-meter and a Polar Vantage NV HR monitor,
respectively. All BP and HR measurements during
exercise were performed by the same trained
researcher. We were not able to obtain reliable
measures of DBP because of difficulties in measur-
ing this while the participants were exercising.
Thus, only the SBP is analyzed in this study. We
studied the SBP measured at the end of stage two as
SBP at this stage is easily and accurately assessed,
and BP at this intensity has previously been
investigated in adults (50 and 40Watt at stage two
in 9-year-old children is approximately equivalent to
the stage-two intensity in the Bruce Protocol in
adults,B7 metabolic equivalents (METs) of exertion).
We also studied SBP at the last completed workload
and finally we explored the individual slope of
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change in SBP from the start of exercise until stage
three (individual slope of intensity-BP function). We
used stage three as the last observation, as all
individuals reached this stage. RPP was calculated
as the product of SBP and HR. Cardio-respiratory
fitness was expressed as maximum power output
relative to bodyweight (Watts/kg). Criteria defined for
a maximal effort were HR of 185 beats per minute or
more and a subjective judgment by the observer that
the participant could no longer continue, even after
encouragement.
Statistics
Multiple-linear regression models were used to
examine whether exercise SBP, HR and RPP at
9-years of age predicts resting SBP levels 6-years
later. Thus, in all models resting SBP at follow-up
was the outcome. We expressed these exercise
hemodynamics during exercise in three separate
ways: (i) measured at stage two during the exercise
test, (ii) at the last completed workload and (iii)
the individual slope of change in SBP, HR and RPP
across the different exercise workloads obtained.
Individual slopes of change (individual regression
coefficients) in hemodynamics across workloads
were constructed by regressing SBP, HR and
RPP on workload for each subject and these
coefficients were subsequently stored and used as
independent variables. The assumption on linearity
between intensity and exercise SBP was satisfied.
As HR and RPP did not meet the assumption on
linearity with exercise intensity we only continued
with analyzing SBP in this manner. We a priori
identified baseline age, gender, height, maturation,
exercise protocol, number of completed workloads
and duration of time between baseline and follow-
up as possible covariates. However, neither height,
maturation, exercise protocol, number of completed
workloads, and duration of time between baseline
and follow-up were associated with change in
resting SBP from baseline to follow-up nor with
SBP at follow-up (P40.5 for all variables). Thus, to
limit the degrees of freedom and to prevent over-
fitting the models, we included only age and gender
as covariates. Subsequent models were fitted with
additional adjustment for resting SBP and DBP at
9-years of age. Gender-by-exercise hemodynamic
variable interactions were fitted with main effects
included to test for any gender-specific exercise
SBP, RPP or HR associations with future resting
SBP. Finally, we proceeded by including conven-
tional biological risk factors for raised BP at baseline
as independent variables to test for any further
independent predictive utility of SBP, RPP and
HR measured during exercise on future resting
SBP. A P-value below 0.05 was considered statisti-
cally significant. Based on previous research, we
estimate that r-squared for the full model adjusting
for age, gender resting SBP at baseline (four
independent variables in total) will be B0.26.12
With 226 individuals, we have a power of 0.8 to
detect an explained variance of 0.027 with an a of
0.05 for any hemodynamic variable during exercise.
Table 1 Baseline and follow-up characteristics of the study population
Baseline Follow-up
Boys (n¼ 102) Girls (n¼ 124) Boys (n¼102) Girls (n¼124)
Age (years) 9.8 (0.4) 9.7 (0.4) 15.8 (0.3) 15.6 (0.4)
Height (cm) 140.2 (6.3) 138.3 (6.4) 176.4 (7.5) 165.3 (6.6)
Weight (kg) 33.8 (5.8) 32.6 (5.9) 65.1 (11.2) 57.0 (8.3)
Body mass index (kgm2) 17.1 (2.0) 17.0 (2.2) 20.8 (2.9) 20.8 (2.4)
Overweight/obesity (%)a 5.9 10.5 11.8 8.1
Resting systolic BP (mmHg) 106.1 (7.3) 105.4 (7.4) 111.1 (8.1) 105.6 (7.8)
Resting diastolic BP (mmHg) 64.3 (5.4) 63.5 (5.4) 59.5 (6.1) 61.1 (5.5)
Hypertension (%)b 4.9 4.0 0 0
Maturity (Tanner) 1/2–5 (n) 100/0 87/37
Total cholesterol (mmol l1) 4.5 (0.7) 4.6 (0.6)
High-total cholesterol (%)c 19.6 18.6
HDL cholesterol (mmol l1) 1.5 (0.3) 1.5 (0.3)
Low-HDL cholesterol (%)c 2.9 0.8
Triglyceride (mmol l1) 0.8 (0.3) 0.9 (0.3)
High triglyceride3 (%) 0 0
Insulin (pmol l1) 45.0 (23.6) 48.5 (25.3)
Glucose (mmol l1) 5.1 (0.4) 5.1 (0.4)
Fitness (wattkg1) 3.3 (0.5) 2.9 (0.5)
Abbreviations: BP, blood pressure; HDL, high-density lipoprotein.
Data are means (s.d.), number of observations or percent.
aBased on The International Obesity Task Force age- and gender-specific cut points for overweight or obesity.14
bBased on National High Blood Pressure Education Program Working Group on children and adolescents.18
cBased on American Academy of Pediatrics. National Cholesterol Education Program: Report of the expert panel on blood cholesterol levels in
children and adolescents.16
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Results
We started by analyzing the predictive utility of SBP
during acute exercise in childhood on resting SBP
6-years later in adolescence adjusting for age and
gender. Both SBP at stage two, and at the last
completed workload were positively and signifi-
cantly associated with resting SBP in adolescence
(stage two: b¼ 0.19 (95% confidence interval (CI)
0.11; 0.27), Po0.0001), last completed workload:
b¼ 0.11 (95% CI 0.04; 0.18), Po0.002). Expressing
exercise SBP as slope of change during the exercise
test, this variable was positively, but not signifi-
cantly associated with future resting SBP (b¼ 5.75
(95% CI 0.17; 11.68), P¼ 0.056). We then pro-
ceeded with adjustment for childhood levels of
resting SBP and DBP. After these adjustments only
the Stage two SBP remained significantly associated
with future resting SBP (b¼ 0.09 (95% CI 0.002;
0.18), P¼ 0.045). Finally, we additionally included
body mass index, cardio-respiratory fitness, total
cholesterol, high-density lipoprotein cholesterol,
triglyceride, insulin and glucose at baseline as
independent variables to further explore whether
the association persisted. This analysis revealed that
the beta coefficient of stage two SBP only slightly
materially change, notwithstanding it did become
nonsignificant (b¼ 0.09 (95% CI 0.003; 0.18),
P¼ 0.059). Results of these analyses are shown in
Table 3 and hemodynamic data from the ergometer
exercise test by gender are shown in Table 2. We also
analyzed whether any gender-dependent associa-
tions were present. However, effect sizes of exercise
SBP were similar between boys and girls indicated
by the nonsignificant gender-by-exercise hemody-
namic variable interaction term (P40.5).
We additionally analyzed whether HR and RPP
during stage two exercise and at the last completed
workload were associated with future SBP levels. The
results of these analyses are shown in Table 4. Both
RPP at stage two and at the last completed workload
were positively and significantly associated with
resting SBP in adolescence (stage two: b¼ 0.07 (95%
CI 0.04; 0.11), Po0.0001, last completed workload:
b¼ 0.05 (95% CI 0.02; 0.08), P¼ 0.002). Similar
patterns of association were observed with HR at
stage two and at the last completed workload, but
these associations were not significant (P¼ 0.110 and
P¼ 0.131, respectively). The association with RPP
during stage two persisted after adjusting for child-
hood resting SBP (b¼ 0.05 (95% CI 0.01; 0.08),
P¼ 0.013). This was not the case for RPP at the last
completed workload (b¼ 0.02 (95% CI 0.02; 0.05),
P¼ 0.142). When proceeding with additional adjust-
ment for conventional biological risk factors this did
not appear to materially change beta coefficients and
their P-values for HR and RPP. The association with
RPP during stage two was still significant after these
Table 2 Hemodynamic data from the ergometer exercise test
Boys (n¼102) Girls (n¼124)
Heart rate peak (bpm) 199.2 (6.3) 201.5 (6.2)
Number of workloades completed 3/4/5/6/7 (n) 1/8/66/26/1 7/35/75/7/0
Systolic BP at stage two (mmHg) 122.7 (12.5) 123.5 (12.2)
Heart rate at stage two (bpm) 149.8 (16.5) 161.6 (15.5)
Rate pressure product at stage two (mmHgbpm102) 183.8 (28.1) 199.9 (29.7)
Systolic BP at the last completed workload (mmHg) 139.9 (15.5) 136.3 (14.3)
Heart rate at the last completed workload (bpm) 188.5 (12.3) 190.9 (10.2)
Rate pressure product at the last completed workload (mmHgbpm102) 264.0 (36.4) 260.7 (34.6)
Individual slope of change in systolic BP from start to stage three (mmHgWatt1) 0.4 (1.7) 0.4 (1.8)
Abbreviation: BP, blood pressure.
Data are means (s.d.) or number of observations.
Table 3 Association between SBP during acute exercise in childhood on resting SBP 6-years later in adolescence (n¼226)
Model 1 Model 2 Model 3
Beta 95% CI P Beta 95% CI P Beta 95% CI P
SBP at stage two 0.19 0.11; 0.27 o0.0001 0.09 0.002; 0.18 0.045 0.09 0.003; 0.18 0.059
SBP at last completed workload 0.11 0.04; 0.18 0.002 0.04 0.04; 0.11 0.318 0.03 0.04; 0.11 0.359
Slope of the intensity-SBP function 5.75 0.17; 11.68 0.057 4.46 1.08; 10.01 0.114 5.52 0.09; 11.13 0.054
Abbreviation: SBP, systolic blood pressure.
Model 1: adjusted for age and gender.
Model 2: adjusted for the same variables as in model 1, but additionally adjusted for resting SBP and DBP at baseline.
Model 3: adjusted for the same variables as in model 2, but additionally adjusted for body mass index, cardio-respiratory fitness, total cholesterol,
HDL cholesterol, triglyceride, insulin and glucose at baseline.
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additional adjustments (b¼ 0.05 (95% CI 0.01; 0.09),
P¼ 0.012). As with exercise SBP, no gender-specific
associations were found for RPP and HR.
Discussion
This study showed that SBP measured during acute
ergometer exercise in children predicts SBP levels
during rest 6-years later in adolescence independent
of resting SBP. This association was similar in boys
and girls. Furthermore, our results reveal that the
prediction only slightly materially change when
controlling for other conventional biological risk
factors at baseline. Unfortunately, we did not have
enough observations to analyze the risk of new
onset hypertension or pre-hypertension. Thus, this
still needs to be studied in a population of young
individuals.
We also assessed whether RPP, expressed as the
product of SBP and HR during exercise, was
associated with future BP levels. RPP is an index
of cardiac work and myocardial-oxygen consump-
tion and this non-invasive measure correlates highly
with directly measured myocardial-oxygen con-
sumption during exercise.19 We observed that RPP
measured at stage two predicts future BP indepen-
dent of resting SBP at baseline and other conven-
tional risk factors including cardio-respiratory
fitness. In fact, we observed that RPP at stage two
was a stronger predictor of future SBP compared
with SBP at stage two. This indicates that appar-
ently healthy children having an augmented myo-
cardial workload during sub-maximal exercise may
be at increased risk of future raised BP. As the
association persisted when adjusting for cardio-
respiratory fitness, we are confident that this was
not confounded by a possible larger myocardial-
oxygen demand in unfit vs fit individuals, when
performing the same absolute amount of work.
We studied SBP, HR and RPP at stage two, at the
end of the last completed stage, and with respect to
SBP, expressed as the individual slope of change in
SBP from the start of exercise to stage three.
Although the associations were all positive, we only
observed a significant independent association
between SBP and RPP measured at the end of stage
two with future SBP. There may be several explana-
tions of this finding. The SBP response is likely to be
more easily and accurately assessed at this exercise
intensity compared with intensity levels close to
exhaustion, which is the case for SBP at the end of
the last completed stage. An increase in ambient
noise during ergometer exercise has been shown to
dampen and possibly masks the Korotkoff sounds20
increasing the error with increasing exercise inten-
sity. Thus, the observation that SBP and RPP
measured at the end of the last completed stage
was weaker related to future resting SBP may be a
reflection of the increasing measurement error,
which will bias the size of the association towards
the null value at higher intensities. We are not aware
of any studies, which analyzed SBP expressed as the
individual slope of change in SBP during exercise.
The observed weaker and nonsignificant association
for this variable compared with the SBP at stage two
indicates that expressing exercise SBP, accordingly,
does not add to the prediction of future SBP.
The predictive value of BP response to acute
exercise on future BP levels as well as clinical
endpoints remains controversial. Although several
studies report that an exaggerated exercise SBP in
healthy individuals or individuals with pre-hyper-
tension is associated with future raised-BP
levels3,12,21–24 and increased risk of clinical cardio-
vascular events,1,6,25 two studies report that exag-
gerated SBP during exercise in patients with known
or suspected coronary artery disease is associated
with reduced risk of mortality.25,26 We extend the
previous findings, which shows that having a high
exercise SBP and RPP are associated with higher
future SBP levels during the transition from child-
hood to adolescence independent of both resting
SBP, but also other conventional biological risk
factors. This finding is important as the identifica-
tion of individuals at risk of raised BP as early as
childhood may be crucial for preventing hyperten-
sion and associated clinical outcomes later in life.
Table 4 Association between heart rate and rate pressure product, respectively during acute ergometer exercise in childhood on resting
SBP 6-years later in adolescence (n¼226)
Model 1 Model 2 Model 3
Beta 95% CI P Beta 95% CI P Beta 95% CI P
HR at stage two 0.05 0.01; 0.12 0.110 0.05 0.01; 0.11 0.105 0.06 0.01; 0.13 0.087
HR at last completed workload 0.07 0.02; 0.16 0.131 0.07 0.02; 0.16 0.109 0.06 0.03; 0.16 0.171
RPP at stage 2 0.07 0.04; 0.11 o0.0001 0.05 0.01; 0.08 0.013 0.05 0.01; 0.09 0.012
RPP at last completed workload 0.05 0.02; 0.08 0.002 0.02 0.01; 0.05 0.142 0.02 0.01; 0.05 0.187
Abbreviations: HR, heart rate; RPP, rate pressure product.
Model 1: adjusted for age and gender.
Model 2: adjusted for the same variables as in model 1, but additionally adjusted for resting SBP and DBP at baseline.
Model 3: adjusted for the same variables as in model 2, but additionally adjusted for body mass index, cardio-respiratory fitness, total cholesterol,
HDL cholesterol, triglyceride, insulin and glucose at baseline.
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Acute exercise augments HR and contractile force
of cardiomyocytes primarily through vagal with-
drawal and activation of cardiac sympathetic nerves
by agonists, such as catecholamines, binding to b-
adrenergic receptors. This increases coronary- and
systemic-blood flow, and subsequently peripheral
SBP and RPP in proportion to the exercise inten-
sity.27,28 Thus, during exercise the capacity of
arterioles to dilate and capillaries to be recruited
becomes crucial for regulation of SBP and blood
flow to skeletal muscles in the lower extremity. A
blunted microvascular vasodilator response to acute
exercise may therefore be one explanation of an
exaggerated exercise SBP. Previous studies have also
reported exaggerated SBP being associated with
carotid intima-media thickness,29 arterial stiffness30
and brachial artery flow-mediated vasodilation.31
Thus, individuals with an exaggerated SBP response
to exercise may display a degree of impaired
vascular structure and functioning, such as endothe-
lial dysfunction, arteriosclerosis and arterial stiff-
ness. This could possibly be a link connecting our
observed positive association between exercise SBP
in childhood and SBP levels in adolescence.
Importantly, the exercise SBP and RPP response
appear to reveal additional information on the
future SBP levels beyond that of resting SBP and
biological risk factors, such as lipoproteins, insulin,
glucose, adiposity and cardio-respiratory fitness.
The present study has some limitations. We did
not evaluate the reproducibility of measuring ex-
ercise SBP, but previous studies have noted that
manual spygmomanometry derived SBP during
exercise shows good reliability.32,33 As previously
discussed will an increase in ambient noise during
ergometer exercise possibly dampen and masks the
Korotkoff sounds20 influencing the validity at higher
intensities. Thus, the observation that SBP and RPP
at the last completed workload were nonsignificant
could be a reflection of the increasing random-
measurement error, which deflates the precision of
the estimate at high intensity exercise. Being
accustomed to bicycling may possibly influence
the predictive utility of exercise hemodynamic
variables. Thus, as daily bicycling in Danish school
children are very common it is uncertain whether
the SBP and RPP during ergometer exercise would
predict future SBP in a population unaccustomed to
bicycling. An exercise test on a treadmill may be
more useful in other populations. Finally, some
individuals were lost to follow-up on the second
assessment in 2003, and a number of individuals did
not have their SBP during exercise measured in
1997 and were missing on important covariates.
Besides compromising power, loss to follow-up and
missing data can lead to bias if the associations are
different in these individuals. To crudely explore
this we compared SBP in childhood between
individuals with complete data on all variables in
childhood with individuals lost to follow-up or with
missing data on exercise SBP or other covariates
in childhood. This analysis revealed no difference
in SBP in childhood between groups. This gives
us confidence that our results are unaffected by
selection bias.
Conclusion
Our results supports that measuring SBP and RPP
during a standard acute ergometer exercise in
children improves the prediction of future SBP
levels during rest 6-years later in adolescence
independent of resting BP and conventional biolo-
gical cardiovascular risk factors. However, it still
needs to be determined whether these hemo-
dynamic variables predict the risk of new onset
hypertension during youth. More research is needed
to explore the possible clinical implications in
adulthood of measuring these hemodynamic vari-
ables in childhood.
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